ABSTRACT
concentrations were found to be strongly correlated with personal exposure levels. NO 2 23 concentration in houses using a gas cooker were higher in all rooms than those with an electric 24 cooker during the winter campaign, whereas there was no significant difference were noticed 25 in summer. The average NO 2 levels in kitchens with a gas cooker were twice as high as those
26
with an electric cooker, with no significant difference in the summer period. A time-weighted 27 average personal exposure was calculated and compared with measured personal exposures in 28 various indoor microenvironments (e.g. front doors, bedroom, living room and kitchen); 29 including non-smokers, passive smokers and smoker. The estimated results were closely 30 correlated, but showed some underestimation of the measured personal exposures to NO 2 31 concentrations. Interestingly, for our particular study higher NO 2 personal exposure levels 32 were found during summer (14.0±1.5) than winter (9.5±2.4).
INTRODUCTION

2
Nitrogen dioxide (NO 2 ) is one of the most common air pollutants in ambient and indoor air 3 (Lai et al., 2006; Hanninen et al., 2004) . The major outdoor source of NO 2 concentrations are subjects. This work has implications for air quality monitoring networks and their 1 representativeness of personal levels of exposure to air pollution. 
5
The study was carried out in north London and Hertfordshire which consists of several small 6 and medium sized towns (shown in Figure 1 ). Hertfordshire is a county adjacent to the north 7 of London, which covers an area of 1643sq km and has a population of over 1 million. The 8 county has important transport links, with the A1(M) and M1 motorways for traffic travelling 9 north and south. M25 is a major motorway to the south of the county and encompasses the 10 Greater London area.
12
Target population
13
The target populations of this study were 21 -60 year old office workers living and working in 
16
This number of subjects is in accordance with the WHO guidance of having sample of a 17 minimum of 50 subjects for the sample to be representative of a target population (see for 18 example, EXPOLIS, 1999 , WHO 2000 . At the same time, weekly average concentrations of
19
NO 2 (personal, bedroom, living room, kitchen, outside front door, office and inside car were 20 measured using two passive Palmes diffusion tubes at each site. Correlations between weekly 21 personal exposures and mean indoor and outdoor concentrations during the same periods were 22 examined. In addition, 30 individuals from winter study participated again in a summer season 23 campaign (2001) . The lower number was due to the fact that not all subjects from the winter 24 study were able to participate in this second campaign. The supplementary data (Table S1-S2) 25 shows various detail including the age distribution, male/female ratio, houses with gas cooker, 26 electric cooker, smokers, non-smokers etc.
28
Monitoring strategy
29
During winter 2000 and summer 2001 passive NO 2 diffusion tubes (Palmes, et al. 1976 
36
by chemical reaction forming a nitrite. After exposure to NO 2 for a seven-day period, the 37 reactive surface is analysed using UV/VIS spectrophotometry at 540 nm and the integrated 38 loading of the reaction product is used to infer the average gas concentration (Palmes et al.
39
1976). All tubes were prepared and analysed at the University of Hertfordshire laboratory.
41
Siting protocol for passive diffusion tubes
42
Indoor passive tubes were placed to avoid windows, corners, and heating vents and outdoor 
25
J is the total number of microenvironments that the person i moves through
26
during the specified time period such as indoors at home, indoors at work,
27
indoors in other locations, in transit, and outdoors.
29 30
RESULTS AND DISCUSSION
32
Questionnaires and Time activity diary data
33
The time activities diaries were filled by 55 subjects (out of a total of 60 volunteers) in winter
34
2000. Analysis of their activities showed that all volunteers spent more than 80% of their time
35
indoors. The time spent in each microenvironment over the week is shown in Figure 2 . Over
36
50% of the time was spent at homes during winter but less in summer periods, followed by 37 about 30% of the time being spent at the workplaces. The individuals spent 5.5% (in winter)
38
and 4.6% (in summer) of their time in other non-smoking areas such as shopping malls and 39 cinemas, and 2.7% on average in other smoking areas such as in restaurants and public houses.
40
With regard to travelling time, the average total time spent in the traffic was about 45 minutes 
9
Outdoor levels of NO 2 could be higher due to increased primary NO 2 emissions from vehicles.
Several studies have shown that while NO x levels show a decreasing trend, the NO 2 levels 11 remain constant in urban centres i.e. higher NO 2 /NO x ratio (Carslaw, 2005; AQEG, 2006;  12 Carslaw et al., 2007; Carslaw and Carslaw, 2007; Grice et al., 2009 ). These studies also
13
suggest that this increase may be due to an increased NO/NO 2 ration in vehicular exhaust.
14 Furthermore, present vehicular emission control technologies (such as oxidation catalyst,
15
catalytic diesel particulate filter) also contribute to an increased NO 2 /NO x ratio due to increase 16 primary NO 2 emissions. Interestingly an increase in the NO 2 /NO x ratio could also lead to the increased urban ozone levels (Carslaw and Carslaw, 2007) .
19
A summary of personal exposure in different microenvironment is shown in Figure 
43
Personal exposure of non-smokers, passive smokers and smokers to NO 2 concentrations and
Figures 5 and 6. The results from the winter study clearly showed that, average personal exposure to NO 2 of smokers in houses with gas cookers (13.6 ppb) was higher than those non-7 smokers (10.8 ppb) and passive smokers (10.9 ppb). Furthermore, small but significant 1 differences were noticed for personal exposure to non-smokers, passive smokers and smokers 2 in houses with electric cookers (8.1, 8.7 and 9.4 ppb, respectively). The study also shows that 3 average NO 2 concentrations in kitchens, living rooms and bedroom of smokers using gas 4 cookers were found to be higher than the rooms of smokers, non-smokers and passive smokers 5 with electric cookers. Furthermore various microenvironments have comparatively higher NO 2 6 levels with smoker and hence it can be suggested that smoking also influence the NO 2 7 exposure. Further the personal exposure risk may increase during winter, when the windows 8 of a house are kept closed during most of the period.
10
Results from summer studies showed that average personal exposure to NO 2 of smokers in 11 houses with gas cookers (17.0 ppb) was higher than those non-smokers (14.9 ppb) and passive 12 smokers (13.7 ppb). However, there was no significant difference between personal exposure 13 of non-smokers, passive and smokers in houses with electric cookers (13.1, 13.7 and 13.4 ppb, 14 respectively). Significant differences were found between the average NO 2 concentration in 15 bedrooms and living rooms of smokers using gas cookers and those for rooms of non-smokers 16 and passive smokers. No difference was found for the other areas for non-smokers and passive 17 smokers using gas cookers or electric cookers.
19
3.5 Time-weighted average personal exposure to NO 2 concentrations 20 Paired t-test was used to analyse the data for significance. It showed that there was a non-21 significant difference at the 95% level between time-weighted average NO 2 microenvironment 22 concentrations and average personal exposure to NO 2 concentrations for the winter season.
23
The results show that overall time weighted average ranged from 6.6 to 15.4 ppb (average 10.9 24 ppb) and the time weighted average of smokers, non-smokers, and passive smokers using 25 electric cookers ranged from 7.0 to 9.3 ppb (mean: 8.6 ppb), 5.4 to 11.7 ppb (mean: 7.6 ppb) 26 and 6.7 to 9.7 ppb (mean: 8.2 ppb) respectively. The time weighted average of smokers, non-27 smokers, and passive smokers using gas cookers ranged from 11.2 to 12.0 ppb (mean: 11.6 28 ppb), 7.1 to 14.7 ppb (mean: 10.4 ppb) and 6.7 to 16.5 ppb (mean: 10.5 ppb) respectively. The 29 time weighted average gave a good approximation of personal exposure NO 2 levels although 30 there was a small (~6%) underestimation (y = 0.9433x, R 2 = 0.8535).
32
In contrast, significant different at the 95% level were found in summer. The results shows 33 that overall time weighted average ranged from 11.0 to 16.3 ppb (average 13.1 ppb). Further,
34
the time weighted average of volunteers using gas cookers ranged from 12.0 to 16.3 (average 35 12.5 ppb) and from 11.0 to 14.1 (average 13.8 ppb) for those using electric cookers. This is the 36 opposite trend to that observed for winter where the mean of the time-weighted 37 microenvironment concentrations was higher for the cases where gas cookers where used.
38
Higher average time weighted concentrations of non-smokers, passive smokers and smokers 39 using gas cookers (13.6, 13.4 and 15.6 ppb respectively) was observed than those using 40 electric cookers (12.5, 12.9 and 11.6 ppb respectively). The time-weighted average exposure 41 was also plotted against the personal exposure to NO 2 concentrations as shown in Figure 7 42 which shows that just over 65% of the time weighted average correlates with the direct 43 personal exposure measurements of NO 2 concentrations (y = 0.5934x + 4.7931, R 2 = 0.6533).
45
A probable reason for this large unexplained fraction was that the volunteers spent more time emission seems to be a major contributor (Ravindra et al., 2006 (Ravindra et al., , 2003 Chao et al., 2000) .
24
European Union aim to achieve an outdoor annual average guide value of 21.3 ppb by 2010.
26
In addition to the 
34
USA.
36
The NO 2 concentration in various microenvironments are related with various factors such as 
46
to study the health effect of short term peak exposure to NO 2 . Hence further studies would be 9 needed to address this challenge and to develop a strong database for short term exposure 1 assessment.
3
In addition to the present study, only few studies have monitored NO 2 levels inside a vehicle 4 (Lewne et al., 2006 , Harrison et al., 2002 . Interestingly, the NO 2 level seems to be lower in a 5 personal car than a taxi, bus and lorry although this would also be related to the time, traffic 6 intensity and the location in different environments. The NO 2 levels in 7 offices/workplaces/schools seems to be slightly lower than indoor except in some cases; where 8 the they may be situated near an area with dense vehicular activities or near a highway. This 9 aspect, however, was not studied in this work as most work places were away from particular 10 sources such as major roads.
12
Levy at al. (1998) 
26
Although there are ambient air pollution guidelines and threshold values for NO 2 , they are 27 limited for indoor air quality (Franchi et al., 2004; 2006; WHO, 2000 WHO, , 2003 . 
45
(ii) The concentration in kitchens with gas cooker was noticed to be 2-3 times higher than 1 those with electric cooker. The use of gas cooker in house with poor ventilation significantly 2 increases the risk of high NO 2 personal exposure in indoor microenvironments.
3
(iii) In comparison to the passive smokers and non-smokers, the highest personal exposures 4 were noticed in smoker's house with the risk of exposure rising further with the use of gas 5 cookers.
6
(iv) The work shows that where gas cookers are not being used, the outdoor NO 2 could be 7 a major source of indoor NO 2 concentration in various microenvironments.
(v)
The high levels of NO 2 were observed in summer but a high correlation was observed 9 between the measured personal exposure and time-weighted microenvironment concentrations 10 during winter. 
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